Amplified spontaneous emission (ASE) is a process which competes with laser-induced fluorescence (LIF) in three level systems. This was demonstrated in the case of oxygen atoms, for which both ASE and LIF were observed at 845 nm. Ground state oxygen atoms were generated by photodissociating 02, SOa, and NO2 in a pump and probe experiment. Both nascent and thermalized O(3P,+p) atoms were measured using two-photon LIF at 226 nm. The fine structure populations deduced from the 845 nm ( 3p3Pj' + 325') emission were considerably hotter than the distributions obtained from the 130 nm ( 3s3S+2p3P) transition.
I. INTRODUCTION
The quantitative detection of ground state oxygen atoms with pulsed laser beams is utilized in a variety of problems, including flame diagnostics,' gas phase energy transfer,2'3 photodissociation, " and surface chemistry.' The first step in most detection schemes is the absorption of two 226 nm photons in the 3p3Pj' c 2p3Pjtt transition, as illustrated in Fig. 1 . Detection is accomplished in one of three ways: by absorption of a third photon to produce an O+ ion, by measurement of the 845 nm ("red") fluorescence produced by the 3p3Pjt -+ 3?S transition, and by measurement of the 130 nm ("blue") fluorescence produced by the 3s3S+2p3P transition. These processes are all well understood, and there is good agreement between theory and experiment. 5'0 Despite the success of these detection methods and the thoroughness with which they have been studied, there is a subtle point which has not been widely recognized and which can lead to significant quantitative errors if not properly taken into account. At issue is the population inversion between the 3p and 3s levels, which can produce amplified spontaneous emission (ASE) between these levels. This process may compete with both multiphoton ionization (MPI) and ordinary laser-induced fluorescence (LIF), thereby depleting the population of the 3p level and causing a nonlinear dependence of the ionization or fluorescence signal on the oxygen atom concentration. Moreover, since this depletion effect is larger for the more highly populated fine structure states, it may distort measurements of the fine structure population of the ground state.
Since the population inversion affects only the 3p and 3s levels, it should not affect measurements of the blue fluorescence.
Amplified spontaneous emission is a coherent emission by an inverted population of atoms or molecules. It results from amplification by the active medium of isotropic spon- ' )Prcsent address: Department of Chemistry, Johns Hopkins University, Baltimore, Maryland 21218.
taneous fluorescence originating in the medium itself." In the small signal regime the intensity of the amplified emission is proportional to the number density N of excited atoms or molecules.12 In our experiment, since the active medium is generated by the 226 nm laser beam, ASE emerges from the cell in the forward and backwards directions with a solid angle that is determined by the geometry of the exciting beam. ASE should be distinguished from superfluorescence and super-radiance which are cooperative phenomena with peak emission intensities that vary as N2 13-16 The occurrence of ASE in atomic oxygen was first reported by Aldkn et al. I7 who used two-photon-induced LIF as a flame diagnostic. In our own work we have used twophoton LIF to measure the multiplet state distribution of 0( "PjI~) produced in the collisionless photodissociation of oxygen containing molecules? During the course of this work we found that the measured values of the populations of the 0( 2p3Pjll) fine structure states depended on whether red or blue fluorescence was detected under otherwise identical experimental conditions. Since we found that the distributions from red detection were almost always hotter (i.e., had a lower population for j"=2) than those with blue detection, we suspected that the discrepancy was due to ASE produced in the 2p3Pjf -+ 32s transition at 845 nm.
In the present paper we document our findings, demonstrate that ASE in fact does occur under our experimental conditions, and present a kinetic model which rationalizes this interpretation of the data.
II. EXPERIMENTAL METHODS
The experiments were conducted in a pump and probe apparatus which has been described previously.4 Briefly, 0 (3P) atoms were generated in a cubical monel cell by a variety of methods: (i) SO2 was photodissociated with 193 nm radiation produced by an unfocused ArF laser (Lambda Physik LPX 205i); (ii) 0, was photodissociated with 157 nm radiation produced by an F, laser focused with a 50 cm focal length lens; and (iii) NOz was photo- dissociated by the focused 226 nm probe laser. The prcssures and fluences used in these experiments are listed in Table I . Finally, (iv) in some experiments 0( 3P) was produced in a microwave discharge of a gas mixture containing 0.33% O2 in 6-8 torr of Ar, which was slowly flowed into the cell.
The O( 3P) atoms were detected using a Nd:YAGpumped dye laser (Quantel 581C/TDL 50) aligned perpendicular to the excimer beam. The tunable UV radiation was produced by pumping a mixture of Rhodamine 590 and 610 dyes, frequency doubling the resulting 572-575 nm radiation, and mixing the output with the Nd:YAG fundamental. The resulting 226 nm laser pulses had typical energies of 20-80 pj, a temporal width of 15 ns fullwidth at half maximum (FWHM), and a bandwidth of approximately 0.4 cm-'. The beam was focused into the apparatus with a 25 cm focal length quartz lens. No attempt was made to measure the characteristics of the focused laser beam, and we only roughly estimate the intensity to have been approximately 200 MW/cm2 at the beam waist.
Oxygen atom fluorescence was detected with either a solarblind photomultiplier tube ("blue" photomultiplier tube (PMT), EMR 5416-08-17) or a red sensitive tube ("red" PMT, RCA 3 1034A for the LIF measurements and Hamamatsu R928 for the ASE measurements). Two different detection geometries were used. For ordinary LIF measurements the detector was positioned perpendicular to the plane of the laser beams. The detection optics in this case consisted of two 10 mm apertures spaced 5 mm apart, followed by a telescope made from two MgF, lenses (7.5 and 10.0 cm focal lengths), and two filters. For blue detection two interference filters centered at 126.5 and 132.0 nm were used, while for red detection one interference filter centered at 850 nm and a colored glass filter (Hoya IRSON) were used.
ASE measurements were performed using both 193 nm photodissociation of SO2 and a microwave discharge of O2 in Ar. In these measurements fluorescence was detected along the axis of the probe laser. The red-sensitive detector was placed in the optical path of the 226 nm probe laser beam 56 cm away from the exit port of the cell. A Pyrex glass window, four bandpass filters centered at 850 nm, and the colored glass filter were placed in front of the detector. Approximately 43 cm away from the exit port of the cell was placed a 10 cm focal length quartz lens, which was used to refocus the divergent beam. With oxygen atoms produced in the microwave discharge, the ASE signal was found to be an order of magnitude more intense than the transmitted 226 nm signal. The ASE signal observed with the microwave source was used as a reference for aligning the detector in this configuration.
The experimental procedure was the same as reported previously.4 For each multiplet state of 0( 3P,+t) the probe laser frequency was fixed on the center of the 3P3Pj' + 2P3Pjtt transition. The fluorescence signal was recorded with a boxcar integrator, while the delay between the pump and probe lasers was slowly scanned up to approximately 200 ns. The constancy of the recorded signal over this interval assured that the two lasers were properly aligned and that collisional quenching did not affect the relative population measurements.
Ill. RESULTS
The results of the LIF measurements of the multiplet populations of both nascent and thermalized 0( '7) atoms are listed in Table I . In every case listed the "red" distributions are significantly hotter (i.e., have lower populations of j" = 2) than the "blue" ones. Moreover for the Boltzmann distribution the populations measured with the blue detector are in close agreement with a 300 K thermal distribution, while the distribution measured with the red tube differs significantly. One exception to this trend not listed in the table and which we will discuss later is the photodissociation of 40 mtorr of SO2 with approximately 20 mj/cm' of 193 nm radiation. In this case the two detectors gave the same results as the blue distribution listed in the table.
All but one of the measurements were performed with a linearly polarized probe laser beam. In one run using SO, as the precursor molecule an unpolarized probe was used in conjunction the blue PMT. The observed populations did not differ significantly from the polarized measurements.
In a second set of experiments we observed the ASE signal at 845 nm along the axis of the probe laser. Using 30-40 mtorr of SOa with approximately 20 mj/cm' of 193 nm excitation energy, the ASE signal for j" =2 was just barely detectable. In this experiment the pressure of ground state O( 3P> was approximately 2 to 3 mtorr. Normalizing the ordinary LIF signal for the solid angle of the detector and multiplying the ASE signal by two to account for its forward-backward emission direction, we found that the total ASE and LIF intensities were approximately equal under these conditions.
IV. DISCUSSION
In order to interpret our results we developed a kinetic model simulating the processes of two-photon absorption, ASE, ordinary fluorescence, and ionization. A rigorous treatment of this problem requires solution of the four level Maxwell-Bloch equations and the two coupled field propagation integrodifferential equations. A numerical solution of these equations, displaying both ASE and four wave mixing, has been reported by Riley." A solution of just the Maxwell-B&h equations was reported by Dixit et aLI9 In the present analysis we have used the much simpler rate equation method. A sufficient condition for uncoupling the Maxwell-Bloch equations is the occurrence of many collisions during the laser pulse, which cause the atoms to lose memory of the coherence of the laser field. In the present experiment, however, the mean time between collisions is much greater than the pulse width. Another decoupling mechanism is random noise spikes during the laser pulse." This occurs typically in a multimode laser such as ours, producing a spectral bandwidth that is several orders of magnitude greater than the transform limit. In the present experiment the bandwidth of the laser is greater than the Doppler width of the recoiling oxygen atoms. (For example, for SO2 photodissociation at 193 nm the most probable recoil energy is 38 kJ/mo1,12*2' producing a Doppler width 0.14 cm-'.) Averaging over the noise in the laser field decouples the differential equations for the diagonal and off-diagonal elements of the density matrix and leads to a set of rate equations.
Our kinetic model contains four atomic levels: ground state O(2p3P,+f with j"=O, 1, or 2), the intermediate state O( 3s?s), the excited state 0( 3p"P) summed over the closely spaced j' levels, and the O+ ion. The populations of these levels at time t for specific choices of j" are denoted by N,(j",t), s= 1 to 4. A fifth quantity accounted for in the model is the ASE photon density q(t).
A number of approximations were made to simplify the rate equations. The greatest approximation is to treat the active volume where the two laser beams overlap as a single, homogeneous region. This simplification reduces the spatial-temporal partial differential equations to a set of coupled ordinary differential equations. To compensate for the growth of q as the ASE propagates along the direction of the probe beam, we multiply the rate of stimulated emission by a gain factor, exp[(iVs-N2)ag], where a, is the cross section for stimulated emission, and z is the active path length.22 A second assumption is that the ionization rate varies as the cube of the laser flux a, as has been observed experimentally by Bamford et aZ.2 at low laser intensity. At higher intensity ac Stark shifting of the 3p level results in saturation of the two-photon transition and a cP2 dependence of the ionization rate.17 The onset of Stark shifting has been calculated17 to occur at an intensity of 4 GW/cm2, which is at least an order of magnitude higher than our estimated experimental intensity. Finally, the temporal shape of the probe laser pulse is treated as a 15 ns square wave. This smooth profile is the average of a chaotic train of short pulses which produce the large bandwidth of the laser beam.
The resulting set of rate equations and the associated model parameters are given in the Appendix. These equations were integrated numerically to give the populations NJ j",t) and the ASE photon density q. The population of the 3p level was then integrated over time and multiplied by the Einstein coefficient A32 to give the integral value, (N3(j)l)) =A32 Jorn NS(j",ddt*
The calculation was repeated for all three values of j", and the apparent populations,
were calculated as a function of lower level concentration N1 (j",t=O) and Cp. The initial populations of ground state atoms [i.e., Pl(j",t=O)] were taken to equal the experimental values measured with the blue PMT. A key feature of the model is that the two-photon cross section uC2), which is summed over final j' and rni and averaged over initial my, is independent of j". This property of aC2) has been derived theoretically" and demonstrated experimentally23 for linearly polarized light. Since it is also expected to be valid for circularly polarized light,24 our model calculations are not sensitive to the polarization of the probe beam. Typical model simulations are shown in Figs. 2 and 3. Figure 2 shows (NJ as a function of N1 for j"=2 at a flux of 3 X 1O26 photons cmw2 s-l, or a field intensity of 260 MW/cm2. We find that, as expected, in the absence of ASE the upper state concentration grows linearly with the ground state concentration. In the presence of ASE, however, (N3) grows nonlinearly, with a deviation from linearity appearing at N1 = 3 X 1Or2 cmm3. For N, > 1013, the upper level population again grows linearly, but with a much smaller slope. At approximately 1 mtorr of ground state atoms, the ASE and ordinary fluorescence signals are equal, in reasonable agreement with the experiment. This agreement shows that the spatial averaging assumption does not introduce a serious scaling error. A number of calculations were performed at other values of @. At a flux of 1 x 1O26 cm2 s-l, the onset of the nonlinearity was 4X lOI cme3, while at a flux of 5 X 1O26 the onset dropped to 6X 10". At a flux of 3 X 1O27 the model predicts that ASE causes an increase in (N3), which results from storage of population in levels 2 and 3 and a consequent reduction in the ionization rate. This effect at high intensity is due at least in part to the failure to include ac Stark shifting in the model. Figure 3 shows the apparent populations PI*' as a function of No, the total oxygen atom number density, using 0, as the parent molecule for illustration. For all the cases listed in Table I , P,w changes with the concentration of 0 atoms, passes through a minimum or maximum, and returns slowly to the initial value at high concentrations. The calculations also indicate that the apparent population of the multiplet level with the highest concentration always passes through a minimum, while the other two populations pass through a maximum. The gradual return of the apparent populations to the initial values is a consequence of the second linear region displayed in Fig. 2 . The greatest discrepancy between the apparent populations with and without ASE occurs at some intermediate concentration.
The model calculations are compared with the data in Table I . Since the actual number densities of O(3P) are unknown, we arbitrarily listed the calculated values at the minima of the apparent P2. The true populations of 0( "Pj)
were assumed to be those measured with the blue tube. The resulting calculations of the apparent populations are in qualitative agreement with all the data. In every case the model correctly predicts a decrease in P2 and an increase in P, for measurements at 845 vs 130 nm. The good agreement between theory and experiment shown in Table I for O2 is fortuitous, considering that the intensities of both lasers were not known accurately. For the other cases better agreement can be obtained at lower number densities. For example, for the Boltzmann distribution assuming a number density of of 2.0~ 1013 instead of 6.6X lOi cmw3 leads to apparent populations of 60.2, 31.5, and 8.3, which are close to the experimental values. The model also explains why at high SO2 pressure the red and blue detectors gave the same distributions as the blue measurement at low pressure. At high N1 the model predicts that all three multiplets are comparably depleted so that there is no change in the apparent observed population. This effect is a consequence of the high pressure linear region in Fig. 2 . Built into the model is the expectation that the populations measured at 130 nm are unperturbed by ASE. This comes about for two connected reasons. First, since the experiments and the calculations were both performed in the low ionization limit, most of the excited population funds its way radiatively to level 2. Second, we expect coherent emission between levels 2 and 1 to be negligible. Riley" in fact showed that the onset of four-wave mixing occurs at much higher laser intensities than for ASE and has almost no effect on Np We also wish to point out that the relative intensities measured at 130 nm should be unal%cted by the gas density since the oscillator strengths for the 2p+3s transition are nearly independent of j".25
The possibility of errors in population measurements must be considered whenever fluorescence or ionization measurements involve a level with an inverted population. We know of at least two cases where this may have occurred. The first is our own study of the quantum yield of O( 3P) in the 157 nm photodissociation of CO,. Using the known quantum yield of unity26 for 0, as a standard, and using a red PMT to detect 0 ( 3P2), we obtained an appar-J. Chem. Phys., Vol. 97, No. 9, 1 November 1992 ent quantum yield of greater than 100% for C02, as compared with an earlier measurement of only 6%.27 This unphysical result can be explained by the occurrence of ASE in the O2 measurement. We estimate that the concentrations of O( 3P) produced from O2 and CO2 photolysis were 5 x lOI and 3 X 10" cmd3, respectively. The much larger amount of ASE in the O2 case reduced the ordinary fluorescence from 0( 3P), resulting in a smaller LIF signal relative to that obtained with C02. There was insufficient signal in this experiment to determine the quantum yield with the blue PMT, but its value was clearly smaller than one.
The second case is a measurement of the multiplet population of O(3P) produced in the 157 nm photodissociation of 02. The distribution obtained by Huang and Gordon' using a blue tube is listed in Table I 
APPENDIX: KINETIC MODEL
The rate equations for the concentrations of 0(2p), 0(3s), 0(3p), and O+ (designated by N, s= 1 to 4) and the ASE photon density (q) at time t are as follows:
and dq/dt=aeGcq(N3-N2) -q/to+ (fi/4~)A~~N~.
In these equations Q is the photon flux of the probe laser, hat2) is the effective two-photon absorption cross section connecting levels 1 and 3, Upi is the ionization cross section, a, is the stimulated emission cross section connecting levels 3 and 2, and Aii is the spontaneous emission rate coefficient for the transition from state i to state j.
The effective two-photon cross section is given by29 $2' =a(2)gD(v226)g(2)(7=0) f (A61 where g (2) is the two-photon cross section, gg(Y226) is the value of the Doppler line shape function evaluated at the central frequency, and gc2) (~=0) is the second order autocorrelation function of the laser pulse evaluated at zero delay time. The cross section for stimulated emission is given by
where B is the Einstein coefficient for stimulated emission, v is the transition frequency between levels 2 and 3, h is Plan&s constant, c is speed of light. In Eqs. (A2), (A3), and (A5) a, is multiplied by a gain factor G, defined as" (A81 where z is an effective path length of the active medium.
In Eq. (A5), fi/47r is the fraction of the isotropic spontaneous emission which enters the active gain volume. Also in Eq. (A5), q/to is a cavity loss term,30 where to is the time it takes a photon to leave the stimulated medium.
The values of the parameters used in our calculations are listed in Table II . The cross sections and Einstein coefficients were taken from Bamford ef aL2 As in their paper, we assumed a value of gc2) (Q-= 0) = 2, which is appropriate for a chaotic laser field.31
